[1] Field studies suggest that bedrock incision by granular flows may be the primary process cutting valleys in steep, unglaciated landscapes. An expression has been proposed for debris flow incision into bedrock which posits that erosion rate depends on stresses due to granular interactions at the snout of debris flows. Here, we explore this idea by conducting laboratory experiments to test the hypothesis that bedrock erosion is related to grain collisional stresses which scale with shear rate and particle size. We placed granular material in a 56-cm-diameter rotating drum to explore the relationship between erosion of a synthetic bedrock sample and variables such as grain size, shear rate, water content, and bed strength. Grain collisional stresses are estimated as the inertial stress using the product of the squares of particle size and vertical shear rate. Our uniform granular material consisted of 1-mm sand and quartzite river gravel with means of 4, 6, or 10 mm. In 67 experimental runs, the eroded depth of the bed sample varied with inertial stresses in the granular flow to a power less than 1.0 and inversely with the bed strength. The flows tended to slip on smooth boundaries, resulting in higher erosion rates than no-slip cases. We found that lateral wall resistance generated shear across the channel, producing two cells whose widths depended on wall roughness. While the hypothesized inertial stress dependency is supported with these data, wear mechanics needs to account for grain dynamics specifically at the snout and possibly to include lateral shear effects.
Introduction
[2] As rock avalanches and debris flows surge down steep valleys, they entrain loose material [e.g., Dietrich and Dunne, 1978; Pierson, 1980; Suwa and Okuda, 1980; Hungr et al., 1984; Benda, 1990] and generate granular collisions with the bed, which can cause visible wear and plucking of the underlying bedrock [Stock and Dietrich, 2003; Papa et al., 2004; Stock et al., 2005; Stock and Dietrich, 2006] . These mass failure events fall under the general category of granular flows, gravity-driven masses of discrete solids with an interstitial fluid [Campbell, 1990] . The mass removal by granular flow erosion into bedrock is minor compared to loose debris entrainment, but could be the dominant process cutting valleys into steep landscapes [e.g., Stock and Dietrich, 2003] . During debris flow passage, video cameras have recorded huge boulders sliding on and colliding with the bed [Swartz and McArdell, 2005] , force plates have documented large normal and shear stress values [McArdell et al., 2007] , and ultrasonic gauges have measured significant ground vibrations [e.g., Arattano and Moia, 1999; Arattano and Franzi, 2004; Itakura et al., 2005 , and references therein; Huang et al. 2007 ], all observations suggesting potentially significant collision-driven erosion. Concrete check dams in debris-flow-dominated channels exhibit grooves, knicks, and missing blocks (see Figure S1 in the auxiliary material).
1 Field studies have shown that after a debris flow's passage, its channels can be swept clean to bedrock [e.g., Dietrich and Dunne, 1978; DeGraff, 1994; Howard, 1998; May and Gresswell, 2003; Stock and Dietrich, 2003; Jakob et al., 2005] , then buried by colluvium in the following months instead of worn further by fluvial action [Stock et al., 2005] . This suggests that some steep bedrock channels may be exposed to greater amounts of granular wear than fluvial wear. There is also evidence of granular wear into bedrock by pyroclastic flows, another type of granular flow [e.g., Sparks et al., 1997; Calder et al., 2000; Grunewald et al., 2000] . Thus, abundant evidence exists for erosion of bedrock channels by particle collisions in granular flows. We note that erosion and entrainment of loose colluvium by granular flows have been measured and modeled [e.g., Berti et al., 2000; Egashira et al., 2001; Itoh et al., 2003; Rickenmann et al., 2003; Wang et al., 2003; Papa et al., 2004; Hungr et al., 2005] but are not the focus of this paper.
[3] In addition to field observations, analysis of scaling relationships between channel slope and drainage area suggests a distinct topographic signature that differentiates areas dominated by granular flows from areas dominated by fluvial flows. These channel slope drainage area relationships from varied geographic locations exhibit a break in slope, which appears to reflect a change in erosional mechanism from granular/debris flow incision to fluvial incision into bedrock [Stock and Dietrich, 2003] . Typically, there is a power law trend in low-gradient, fluvially dominated regimes, but at slopes steeper than $10%, there may be little or no channel steepening with decreasing drainage area [Seidl and Dietrich, 1992; Montgomery and FoufoulaGeorgiou, 1993; Lague and Davy, 2003] . Hence, these steeper channels may not follow a simple power law relationship [Stock and Dietrich, 2003] . The location of the scaling break at or above a slope of 10% coincides with the slope at which debris flow deposits are commonly found, signifying a transition from debris flow incision to deposition [Stock and Dietrich, 2003] .
[4] Though abundant research exists on bedrock incision by fluvial flows, the above observations imply that landscape evolution models in hilly and mountainous areas require a separate theory for bedrock incision by granular flows. For bouldery debris flows, Stock and Dietrich [2006] have proposed that the coarse, fluid-poor snout should exert the greatest collisional stress on the underlying bedrock, while the relatively fluid-rich, finer-grained tails may be less important to channel wear. In the coarse-grained snout, the large boulders impact the bedrock channel, causing abrasion and surface fatigue wear. Surface fatigue causes fractures that coalesce and form removable material, leading to bedrock erosion [e.g., Momber, 2004; Stock and Dietrich, 2006, and references therein] . Hence the important variables that strongly influence erosion rates are the bouldery snout length, particle size, and particle dynamics in the snout. We hypothesize that the fracture generation and bedrock removal by surface fatigue wear is related to localized normal stresses exerted on the bed, which in turn scale with the bulk inertial stresses generated in the flow. Other important variables are bed roughness, degree of weathering and fracturing of the bedrock and the debris flow frequency, which varies with network structure. Hence the predicted erosion rate depends not only on local physics of grain collisions with the bed, but also the network structure and associated frequency of landsliding. Stock and Dietrich [2006] summarize field and literature observations that indirectly support this hypothesis. Key untested assumptions in the model are that bedrock wear rate is proportional to grain collisional stresses, and that these stresses can be approximated by the product of the squares of both particle grain size and shear rate (inertial stresses, in the sense of Bagnold [1954] and Iverson [1997] ). Here we will use the term inertial stress when we calculate stresses using this product.
[5] Our goal is to explain bedrock incision rates through the mechanical processes involved in erosion by grains interacting with the boundary. Understanding the mechanisms causing erosion of the bed is important because small differences in the nature of the bed and the granular flow composition could have large effects on the amount of basal wear. For example, in some cases there is evidence of intense damage after passage of a flow, but in others the flow passes over grass and pavement with little to no effect [e.g., Perez, 2001] . In this paper we explore granular wear of bedrock and its controlling variables by first briefly reviewing the relevant theory on granular flows then reporting the results of physical modeling experiments in a rotating drum. We find a power law relation between the experimental bedrock erosion and a nondimensional inertial stress term which includes the product of the squares of grain size and shear rate normalized by the square of the tensile strength of the bedrock. Experiments also reveal that bed roughness and water content of the flow affect the tendency for the mass to slide, which increases erosion rate when it occurs. Our observations suggest that the inertial stress model may be an inadequate approximation for collisional stresses that drive bedrock wear. We explore three simple models based on grain motion: snout impact, zero slip, and sliding block. Although our data cannot distinguish which model best explains the erosion in the drum, the analysis points to the need for further study of the local mechanics of wear erosion.
Theoretical Framework
[6] Iverson [1997] and others, following the work of Bagnold [1954] , Savage and Hutter [1989] , and Campbell [1990] , have proposed that the grain collisional stress in high flow rates can be estimated as
where s i (Pa) is referred to as the inertial stress (following Bagnold's [1954] and Iverson's [1997] terminology), n s (dimensionless) is volumetric solids concentration, r s (kg m
À3
) is solid particle density, D p (m) is particle diameter, u (m s À1 ) is velocity, and z (m) is distance from the bed. The application of equation (1) to calculate inertial stress from field or flume observations is challenging. Most commonly, it is assumed that the velocity gradient term, @u/ @z, can be represented by the typical flow velocity divided by the total flow depth [e.g., Iverson, 1997; Iverson and Vallance, 2001; Iverson et al., 2004] . In some cases, z is better constrained as the depth of the shear band within the flow, giving a larger shear rate value [e.g., Parsons et al., 2001] . Especially problematic is determining D p , the characteristic grain diameter. According to Bagnold [1954] , grain size enters the problem in several roles: the scale for the mass of the particle of interest, the scale for the vertical spacing between shear layers, the scale for the number of particles per bed area, and the scale for the number of collisions per unit time. In heterogeneous grain mixtures, it is not obvious that one grain size would serve as the scale for all of these terms, though one could argue that there is an effective grain size, D e , whose mass and concentration capture the characteristics of the size distribution [Stock and Dietrich, 2006] . Since the D p term is squared, the choice between using the smaller size fraction or the larger size fraction as the representative diameter can change the inertial stress estimation by several orders of magnitude. A commonly used rule is to define the solid fraction as those particles that settle out during the duration of the flow, the mean diameter of this thus defined solid fraction is used for D p [O'Brien and Julien, 1988; Iverson, 1997] .
[7] The collisional stress and shear in the flow is also affected by the amount of basal slip that occurs between granular particles and the bed. Although it is difficult to observe the internal structure of the debris flow, there are end-members that have been hypothesized [e.g., Parsons et al., 2001] (Figure 1 ). In the all-slip case, the basal grains slide along the bed at the same velocity as the entire vertical column (Figure 1a ). This case is like a sliding block, and has been proposed for large rockslides and rock avalanches whose deposits have preserved structural features of the original source rock during the flow [e.g., Shreve, 1968; Van Gassen and Cruden, 1989] . At the other extreme, there is no slip at the bed and the velocity profile increases to a maximum at the surface, creating high internal shear (Figure 1b) . Commonly it has been argued, however, that most of the shear is close to the bed, and the interior region is close to a plug flow (Figure 1d ) [Hubert and Filipov, 1989; Savage and Hutter, 1989; Genevois et al., 2001; Parsons et al., 2001; Bi et al., 2005; Brewster et al., 2005] .
[8] These diverse styles of basal interaction generate different normal stresses on the channel bed, and it seems that the style is largely situation-specific. Theoretical studies and modeling of natural granular flow velocity profiles often have a no-slip condition at the bed [e.g., Whipple, 1997; Azanza et al., 1999; Hotta and Ohta, 2000; Remaitre et al., 2005] . But measured profiles in experiments often do not have zero velocity at the bed, especially with unroughened beds and spherical particles for chutes [e.g., Azanza et al., 1999; Hanes and Walton, 2000; Louge and Keast, 2001; Ancey, 2002; Iverson et al., 2004] . However, in chute flows where the bed is sufficiently rough, or particles and velocities sufficiently small, zero velocity at the bed has been observed and modeled [e.g., Parsons et al., 2001; Silbert et al., 2001; Andreotti et al., 2002; Iverson et al., 2004] .
[9] Erosion of the bed probably depends on the mechanism of movement at the boundary. Sliding wear (all-slip) is described by Archard's law,
where e v (length 3 ) is eroded volume, k (dimensionless) is a nondimensional wear coefficient dependent on the materials in contact, W (mass Â length/time 2 ) is the applied load, x (length) is the sliding distance, and H (mass/length Â time 2 ) is the hardness of the surface being worn away. In terms of an erosion rate, this can be written as
where À@z/@t (length/time) is the bed wear rate, p n (mass/ length Â time 2 ) is the normal pressure, and V (length/time) is the sliding velocity.
[10] For low-slip, collision-dominated wear, Stock and Dietrich [2006] proposed a rate law to express the long-term erosion of successive debris flows:
where K 0 (dimensionless) is a constant of proportionality that relates bulk inertial normal stresses to higher excursions of inertial normal stress, K 1 is a proportionality constant between rock resistance and incision rate that has dimensions that vary with w and n so that the right side of the expression has units of erosion rate, T 0 (Pa) is the tensile strength of the bedrock, E eff (Pa) is the elastic modulus of the bedrock, F (m) is a function of the fracture spacing of the bedrock and size of eroding boulders, f (a
À1
) is the frequency of flows over the bedrock per annum, D e (m) is the effective grain size, u s (m s À1 ) is the surface velocity, h (m) is the flow height, L (m) is the length of the eroding flow, and w and n are empirical exponents. L represents the length of the bouldery snout only. D e , the effective grain size, is defined as the particle size that characterizes the collisional normal stress that causes bedrock lowering under coarse-grained debris flow fronts [Stock and Dietrich, 2006] . Therefore, D e may be significantly larger than the mean grain size of the flow. In this study, we use homogeneously sized grain flows and therefore D e = D p . The square dependency on tensile strength was demonstrated by Sklar and Dietrich [2001] .
Measurements and Modeling
[11] Following Stock and Dietrich [2006] , we propose that the erosion rate scales with the normal stresses caused by the bulk inertial stress of the flow. Measurement of the normal force on the bed for experimental granular chute flow has been carried out by Iverson [1997] and Ahn et al. [1991]. Iverson found high-frequency fluctuations in the normal stress measurement, assumed to be related to granular impacts. In natural channels, normal stresses on the bed have been reported by Berti et al. [2000] (12 -17 kPa, excursions 2 kPa) and McArdell et al. [2007] (5 -20 kPa, excursions 2 kPa). The size of the sensor plate and frequency of measurement affects the ability to resolve local grain bed contact stresses [Iverson, 1997] . Our hypothesis for bedrock erosion relates to local instantaneous point loads that are better measured by smaller plates and greater frequency than those reported in the literature for natural flows. Hence, we further hypothesize that the high local grain collisional stresses scale with the bulk inertial stress as defined in equation (1).
[12] Authors have employed different approaches for modeling stresses and erosion at the base of a granular flow, with no general agreement so far. One method is to scale bedrock erosion with a bed shear stress value, similar to the assumption used in many bedrock incision models for fluvial flows [e.g., Howard and Kerby, 1983; Whipple and Tucker, 1999] . For example, Howard [1998] assumed that bedrock erosion by debris flows and rock avalanches is proportional to shear stress exerted on the bed. The shear stress is calculated from the Coulomb model, with a linear relationship between maximum shearing strength, t f , and normal stress, s n , on the failure plane:
where c (Pa) is cohesion and F (degrees) is the friction angle. Howard [1998] reasoned that weathering decreases the bed cohesion value and when the surface shear exceeds a threshold value for erosion, mass loss occurs. Pitman et al.
[2003] also employed a friction law at the basal contact surface to calculate the shear stress caused by the overlying flow. They proposed that if the shear stress exceeds a threshold value, then the erosion rate scales with an empirical factor fitted to experimental results. Many models assume that changes in z direction momentum are small compared to the static weight of the mass, such that vertical stresses other than the static normal stress are neglected [e.g., Savage and Hutter, 1989] . In terrain-fitted coordinates, centripetal acceleration accounts for much, but not all, of the vertical acceleration Pudasaini et al., 2005] . In Cartesian coordinates, an estimation of vertical stresses over an irregular bed has been accomplished by modeling stresses on the bed from basal sliding as the sum of a normal component from weight and an additional term associated with vertical acceleration due to the topography of the channel .
[13] Many different flume designs have been used to examine granular flow phenomena, including straight chutes [e.g., Savage, 1984; Ahn et al., 1991; Iverson, 1997; Azanza et al., 1999; Parsons et al., 2001] , conveyor belt flumes [e.g., Davies, 1990; Hubl and Steinwendtner, 2000; Tognacca and Minor, 2000; Perng et al., 2006] , ''race track'' flumes [e.g., Hampton, 1975] and vertically rotating (drum) flumes [e.g., Huizinga, 1996; Jan and Chen, 1997; Hotta and Ohta, 2000; Tai et al., 2000; Gray, 2001; Longo and Lamberti, 2002; Kaitna and Rickenmann, 2005] . For bedrock erosion experiments, the most useful characteristic of a flume is the ability to sustain long periods of flow over an erodible sample, long enough to accomplish measurable wear. We chose the vertically rotating drum design specifically for this reason that it provides long-term flow. Recirculating chute flumes can also provide long periods of flow, but do not generate a distinct flow with a snout and tail, which may have different eroding properties. In a drum, there is also the ability to adjust the velocity easily. Major [1997] noted that assumptions about the velocity profile of the flow and slip at the drum bed cause uncertainty in interpreting data from vertically rotating drums. Here we use the common approximation that the velocity gradient can be estimated as the velocity difference between the surface and the bed divided by the flow thickness [e.g., Iverson, 1997] . We note when there is observable slip at the bed and focus on estimating the average stress on the boundary from the mean flow properties.
[14] Because of the industrial applications of rotating drums, numerous descriptions of granular media in drums exist in the engineering and physics literature [e.g., Ristow, 1996; Buchholtz and Poschel, 1997; Boateng, 1998; Ding et al., 2001] . Of relevance to our problem, there is description of the wear of liners in industrial ball mills [Radziszewski and Tarasiewicz, 1993a, 1993b; Radziszewski, 1997] . In these studies, the rate of metal liner wear is modeled as a function of the total normal force, which has gravitational, centrifugal, and compression (slip) components. These studies typically use thick fills in which internal grain dynamics (rather than boundary effects) prevail. Nonetheless, we can use these studies to guide our analysis of velocity profiles and solid-fluid interactions.
Scaling the Experiments
[15] In order to relate experimental studies to field conditions, as we propose to do, the relative importance of inertial, viscous, and frictional forces in the experimental flows must match that found in nature [Iverson, 1997; Denlinger and Iverson, 2001; Iverson et al., 2004] . Inertial forces arise from short-term collisions between the grains, viscous forces dominate when the fluid viscosity is high, and frictional forces occur when there are sustained contacts between grains. The ratios of these forces are described by the Bagnold and Savage nondimensional numbers, which we evaluated in our experiments and compared with the values for natural granular flows.
[16] The Bagnold number is a measure of the ratio of inertial to viscous stresses in a granular flow. As represented by Iverson [1997] , it is
where n f (dimensionless) is the volume fraction of fluid, m (Pa s) is the fluid viscosity, and other terms are as previously defined.
[17] To quantify the relative importance of inertial stresses, Savage and Hutter [1989] proposed the ratio of inertial to total normal stresses:
where U (m s
À1
) is the velocity difference across the shear layer and p T (N) is the total normal stress.
[18] Iverson and Denlinger [2001] defined the Savage number as the ratio of inertial to gravitational (or frictional) stresses:
Natural debris flows tend to be inertially dominated if above a threshold value of 0.1. Most natural flows may not be truly inertial but are frictional or transitional to inertial if fines poor (e.g., the snout), and frictional to viscous if fines rich (e.g., the body) [Campbell, 2002 [Campbell, , 2005 . Though these nondimensional numbers are defined strictly for steady, uniform flows, a comparison of their relative values are useful in scaling experiments and comparing natural and experimental flows.
Experimental Approach
[19] Our experiments tested the hypothesis that erosion rate by granular flows scales with inertial stress in the flow, as represented in equation (1). We first performed experiments with single grain sizes, bimodal grain mixtures, and coarse mixtures with clay-rich fluid matrix to explore the qualitative behavior of flows in the drum. Then we focused our quantitative assessment using data with single grain sizes and simple dry or water-saturated conditions. As discussed in Section 1.1, this minimizes uncertainties associated with determining the effective grain size (because D e = D p ) and solid fraction n s . Flows with more natural grain size distributions, including clay and silt, will be conducted after the relation for homogenous flows are established.
Experiments Using a Drum
[20] Our drum is made from a section of PVC pipe with an inner diameter of 56 cm. Both sidewalls are composed of Plexiglas, bounding a 15 cm wide channel. In order to measure erosion caused by the granular flows, an erodible sample is inserted into the drum bed, flush with the surface (Figure 2 ). As the drum rotates, the sample passes under the granular flow repeatedly. The flat sample area exposed to the flow is 2.5 cm (downstream) by 10 cm (cross stream). The downstream dimension was chosen to minimize bed curvature while exceeding the length of the largest flow particle (1 cm). The magnitude of erosion was determined by weighing the erodible sample block before and after the experiment and obtaining the mass loss.
[21] There are several consequences of using a drum for debris flow erosion experiments. First, at sufficiently high rotation rates, centrifugal force may become significant. Consider a single grain in contact with the bed of the rotating drum that is not slipping relative to the bed. In the steady state case of uniform rotational motion, the grain experiences a centripetal acceleration as a result of moving in a circle with a constant speed. This centripetal acceleration is an artifact of the drum geometry and we have attempted to minimize this effect by keeping the drum velocity, and thus the magnitude of the centripetal acceleration and force, low.
[22] In our experiments, the radius of the drum r drum is 28 cm and the maximum tangential velocity of the drum bed u drum is 0.8 m s À1 , leading to a maximum centripetal acceleration of
Thus, the magnitude of the centripetal acceleration felt by the grain is, at most, 23% of that of the gravitational acceleration (9.81 m s
À2
) felt by the grain.
[23] Second, the drum bed is continuously curved, influencing the bed and surface slope of the granular flow. The basal slope is used to correct the normal component to the bed for calculations of stress. Stock and Dietrich [2006] include a bed slope effect on the inertial stress term to account for the presumed lower impact magnitude and frequency on steeper slopes. In natural steep channels the bed slope is far from constant, having knickpoints, but is not as strongly and consistently concave as a drum bed. In a drum, the basal contact below the flow is on a continuously concave slope, and in our small rotating drum, covers a range up to 90 arc degrees ( Figure 3 ). Different authors have dealt with the bed curvature in varying ways. To calculate the total normal stress exerted on a drum bed by the granular flow, Holmes et al. [1993] divided the flow into small vertical sections and summed the stress on each section using their respective basal angles. To arrive at a single ''representative'' slope, Kaitna and Rickenmann [2005] took the tangential slope to the drum beneath the center of mass of the flow. The surface slope is used in calculations of shear stress exerted on the bed by the flow. Iverson and Vallance [2001] used the angle of surface inclination in their expression for intergranular normal stress on planes at depth, because the surface slope determines the pressure gradient driving the flow. To address irregular topography, Denlinger and Iverson [2004] included the influence of changes in z momentum due to topographic variations. They defined total vertical acceleration, Figure 2 . Illustration of the vertically rotating drum used to conduct bed erosion experiments. An erodible sample is fixed into the bed of the drum, its surface level with the bed. As the drum with radius r drum rotates at speed u drum , the granular flow of height h and length L 0 passes over the erodible surface area, A block , exerting erosive stresses on the sample. Erosion is measured by mass differencing the sample block before and after an experiment. g 0 , to include both gravitational acceleration and down slope and centripetal accelerations arising from irregularly shaped channels. In the drum geometry, the normal stress on the bed would be larger than on a straight chute (g 0 > g) because the flow is decelerating vertically due to impingement against the concave -up bed. Therefore, we might expect more erosion to occur in the drum than in a chute geometry experiment.
[24] In our experiments, we measured both the average surface slope, q s , and the basal slope at the snout, q b (Figure 4 ). Consider a flow of constant depth in the drum, the normal stress under the flow is greatest at the flow front because cos q b is maximum. Because the flow depth actually tapers at the front, this effect is diminished. In the no-slip case (Figures 1b and 1d ), the collisional stresses occur only at the snout. There are collisional stresses farther back within the flow due to grain to grain collision, but we hypothesize (following others) that these normal stresses are minor compared to those which occur at the snout, where particles may tumble down the snout and collide with the bed, or may remain bouncing directly on the bed for a considerable travel distance. Hence, as Stock and Dietrich [2006] proposed, we anticipate most erosion occurs as the snout sweeps across the bedrock. If no sliding occurs behind the flow front, and the only erosion occurs in impacts at the front, then the angle between the surface and basal slope at the snout is the fundamentally important slope. The basal slope at the snout is between 0°and 10°for all of our experiments, which would modify the stress values by a maximum of cos 10°= 0.98. Because this value is very close to 1, we do not include it in our formulation of normal stresses. Basal slopes would need to exceed 25°to modify the normal stress by 10%. The surface slope was approximately linear with the exception of when sand was used.
[25] A third consequence of a drum is that material cannot deposit behind the flow or laterally in levees. The grains are continually recirculated in the flow, and hence we cannot examine depositional effects on debris flow processes. Nonetheless, purely erosive flows do occur in steep, canyon rivers.
[26] In summary, drum curvature effects on bedrock wear rate by granular flows appear to be minor. None of our calculations depend explicitly on the surface slope, which we can measure. Neither do any of our calculations vary significantly with the basal slope, which we can also document. However, we might expect more erosion to occur in the drum than in a chute geometry experiment because of the concave-up geometry of the bed.
Testing the Hypothesis of Erosion by Inertial Stresses in a Drum
[27] In a drum, the total length of the flow (L tot ) that passes over the sample block during the total period of the experiment (t exp ) is the product of the instantaneous length (L 0 ) and the number of times the drum is rotated. To compare experiments with differing total lengths, we nondimensionalize erosion by dividing the average eroded depth by the total flow length:
where e 0 is dimensionless erosion, e d (m) is the average eroded depth of the sample block after an experiment and L tot (m) is the total length of the flow over the erodible sample during the experiment. The average eroded depth, e d , is calculated from the net eroded mass, e m (kg) divided by the area of the sample block, A block (m 2 ) and the density of the block, r block (kg m À3 ). The total length, L tot , is calculated as the length of the individual flow, L 0 (m) multiplied by the total period of the experiment, t exp (sec), divided by the time per rotation, 2pr drum /u drum (where r drum (m) is the circumference of the drum, and u drum (m s À1 ) is the speed of rotation of the drum).
[28] To compare erosion rate with estimated inertial stress and measured bedrock strength we simplify the Stock erosion hypothesis (equation (4)
where u b (m s À1 ) is the basal velocity of the granular flow. The term @z/@t is the lowering rate for one experiment. We neglect the fracture term, F, because we use an erodible sample material that is not susceptible to macrofracturing. We also leave out the frequency term, f, because our experiments represent continuous flows of varying lengths, not discrete flows with a recurrence interval. We use E eff = 2 Â 10 9 Pa [Stock and Dietrich, 2006] . Because our flows do not have grain size-distinct snouts, L is equivalent to L tot in the drum for the duration of one experiment. The exponent w in equation (4) is assumed to be 2 following the inertial stress definition in equation (1), the hypothesis of Stock and Dietrich [2006] , and experimental results of Hanes and Inman [1985] .
[29] Using [e d per t exp = @z/@t] and [L tot = L], we can arrange equations (10) and (11) to write
where the left-hand side is the nondimensional erosion rate, e 0 , and the right-hand side is a reduced form of the nondimensional number N erosion proposed by Stock and Dietrich [2006] . To apply equation (12) to our drum experiments, we made the assumption that the mean velocity and the maximum depth (h max ) would scale the inertial stresses in the flow. For no-slip cases, the mean velocity equals surface minus basal speed, u s -u b . We also use the particle diameter D p , for the effective diameter, D e , because we have homogeneous grain size distributions. We thus hypothesize that erosion is proportional to the quantity N SNIS (strength-normalized inertial stress):
Experimental Variables
[30] We conducted erosion experiments in which we varied grain size (D p ), water content (which affects u s ), drum speed (u drum ), bedrock strength (T 0 ), and bed roughness (which affects u b ). Because the small size of the flume presented both space and scaling issues, we did not attempt to instrument the bed with normal load sensors for directly measuring the bed stresses. Hence, our test relies on the assumptions in equation (12) regarding approximations used to estimate inertial stress.
[31] The homogeneous granular flows were composed of gravel with mean diameter of 4, 6, or 10 mm or sand with a Velocities are given in the stationary laboratory reference frame. Positive flow is downstream (particle fall direction); negative flow is upstream (drum rotation direction).
mean diameter of 1 mm. The quartzite gravel had high strength and experienced little breakdown during the experiments. We used only two states of water content -dry or completely water-saturated. For water-saturated (also referred to as ''wet'') flows we added water until the pore spaces between the grains were full or the water ran out the front of the snout during drum rotation.
[32] Rotation speed of the drum varied from 0.1 to 0.8 m s À1 (5 -27 RPM). The upper value was limited to keep the centrifugal force significantly less than the gravitational force (see section 2.1). Maximum flow depth, h max , measured at the flow center, varied from 4.5 to 10 cm with the low value chosen to keep the flow deeper than several grain diameters and the high value chosen to keep width to depth ratios comparable to natural flows (i.e., 2:1 to 8:1; e.g., as reported by Stock and Dietrich [2006] ).
[33] Following the technique developed by Sklar and Dietrich [2001] , we used a synthetic bedrock composed of silica sand and cement. This weaker sample bedrock eroded more readily than natural rocks, shortening the experimental duration needed to produce measurable wear. The erodible samples were cast into blocks 20 Â 30 Â 10 cm and later cut into flume-ready samples. The ratio of sand to cement varied from 10:1 to 20:1 which provided a factor of three in the tensile strength range (268 -814 kPa) as measured using the Brazilian tensile splitting test (Table 1) .
[34] The nondimensional Bagnold and Savage numbers for our experiments were calculated with a solid volume fraction of n s = 0.55, which was the measured static solid volume fraction for all homogeneous size distributions of our sediment. The volume fractions were determined by mass measurement, using r s , density of the solid particles (quartzite), = 2650 kg m À3 and r f , density of the fluid (water), = 1000 kg m
À3
. For the nondimensional number calculations we used m, viscosity = 0.0002 Pa s for air and 0.001 Pa s for water, and q b , basal slope (at the snout) = 10°.
[35] When the drum bed was left as the original smooth PVC surface, the granular mass typically experienced fullslip motion. In order to induce internal shearing and collisional stresses, the bed was roughened with sandpaper (80 -100 grit) or wire mesh with 6-mm grid spacing.
Experimental Procedure
[36] To test the hypothesis that erosion varied with estimated inertial stress and measured rock strength as described by equation (12), we conducted 67 experimental runs, 35 dry and 32 water-saturated ( Table 2 ). The procedure for each experiment was as follows: An erodible block was weighed and placed in the flume, its top surface level with the flume bed. The total mass of grains and fluid in the flow was weighed and placed in the drum. Rotation was initiated at a prescribed drum rotation speed. During the run, we documented the position and length of the flow in the drum. Longitudinal profiles of the flow surface were made by taking digital photographs and videos of the flow through the Plexiglas sidewall, then tracing the surface of the flow. The flow depth varied along the length of the flow, so for a repeatable characteristic depth measurement, we measured the maximum depth, h max , which occurred midway between the snout and tail. Although particle motion at the sidewall may be different from that in the center of the flow [e.g., Davies, 1990; Hanes and Walton, 2000] , we tracked the sidewall velocities for comparison with similar measurements in other studies. We noted if the flow experienced any slip at the bed. Following equation (12), we measured the surface and bed velocities to estimate the velocity gradient. Surface velocities were obtained by timing a colored particle placed in the plan view centerline of the flow and bed velocities were determined by tracking bed particles in side-view videos of the flow. The duration of the experiment was chosen to be long enough to obtain significant wear, but not so long that the erodible block degraded significantly beneath the flume bed. At the end of each run, the block was removed, examined for wear marks, and weighed. Wet blocks used in saturated flows were also weighed on subsequent days until they equilibrated to their dry weight. Typically only one run was obtained from the same block before it was replaced due to extensive wear, but when possible, we obtained multiple runs from the same block to test repeatability.
Results

Flow Dynamics
[37] We observed side-view flow dynamics through the clear Plexiglas sidewall and plan view dynamics from above the flow. Initially, sediment was placed at the lowest point in the drum. As the drum began to spin, the sediment followed the bed in the direction of the spin until the angle of internal friction was exceeded, then avalanched to an equilibrium position. Figures 3 and 4 show flow outlines derived from photographs of experiments. The tail of the flow mass reaches highest in the drum for dry sand and dry gravel, and progressively less for wet gravel, muddy gravel and muddy sand (Figure 3) . Hence, the position is related to the friction between the grains and the bed and the pore pressure in the flow. Shifts in the equilibrium position of the flow occurred due to small irregularities in the bottom roughness, even at the millimeter scale. Initially, some surging occurred as the result of overlapping sandpaper Figure 5 . Histogram of shear layer slopes q t (defined in Figure 4 ) for wet and dry cases of various compositions. The histogram shows the systematic decrease in shear zone slope from dry gravel to wet gravel, muddy gravel, and muddy sand.
liner, and subsequently we eliminated overlapping to minimize bed irregularities. The surging was noticed as a noise with the same periodicity as the irregularities in the bed. Sand flows and smaller grain sizes reacted more strongly to the bed irregularities than gravel flows, presumably because the scale of the irregularity was larger with respect to sandsized particles than to gravel particles.
[38] The longitudinal profile tapered at the snout and tail and was relatively straight in the middle, but the tapering varied with wetness and mud content (Figures 3 and 4) . Kinks in the surface slope occurred in some of the dry sand flows. The sand flows had the greatest number of grains over the flow depth and therefore followed more appreciably the curvature of the bed. In all cases, the flow front gradually tapered to one or two grain diameters deep.
[39] For large gravel, a constant drum velocity of 0.5 m s
À1
(18 RPM), and a constant volume of 1500 cm 3 , the average surface slope angles for dry, wet, and muddy matrix (kaolinite clay and water) were 43°, 33°, and 23°, respectively ( Figure 5 ). At the same time, the arc length of the bed covered by the flow diminished from 31, to 28, to 22 cm. For muddy sand, the surface slope decreased to about 10°and covered an arc length of 26 cm. Changing the volume of the flow did not significantly change the average surface angle. The observed variation in slope is roughly consistent with reduction in effective normal stress with increasing pore fluid pressure for a simple Coulomb material as suggested by Iverson and Vallance [2001] .
[40] At the bed, there was generally a no-slip condition. In a few cases, some slip occurred at the bed when the sandpaper was worn by many experiments. The consequence of a no-slip condition is that a strong conveyorbelt-like circulation forms with respect to the center of mass of the stationary flow (Figure 4 ). Particles at the bed moved toward the tail at the drum rotation speed, while particles near the surface moved downslope relative to the approximately stationary position of the flow, as reported in drum experiments with similar fill fractions by Tai et al. [2000] . In the shear zone (Figure 4) , there is a change in direction of particle motion -surface particles move toward the bed in the front half of the flow and near bed particles move toward the surface in the back half of the flow. Hence, vertical motion is not restricted to just the snout and the tail. The maximum down-slope velocity occurred at the surface of the flow, as described in numerous other natural and experimental observations [e.g., Johnson and Rodine, 1984; Campbell, 1990; Boateng, 1998; Hotta and Ohta, 2000; Longo and Lamberti, 2002] .
[41] Surface velocity u s , differs from the mean flow velocity in the drum frame, u, which equals u s -u b . Surface velocity u s and basal velocity u b are measured relative to the fixed laboratory reference frame, with positive values in the downslope direction. For no-slip cases, u b = u drum , but if there is slip, then ju b j < ju drum j. The surface velocity was only faintly sensitive to drum speed or grain size, but varied strongly with presence of water or mud in the interstices of the solid grains. This was likely due to the surface tension between grains from the water [Tognacca and Minor, 2000] . Dry sediment surface velocities averaged 0.4 m s
, while water-saturated sediment surface velocities averaged 0.2 m s
. This implies that the drum rotated the mass to a position where the horizontal pressure gradient induced flow, and the speed of grain motion was set by internal grain dynamics. For the same drum speed u drum of 0.5 m s À1 (18 RPM), the ratio of the surface velocity to the drum velocity u s /u drum is À0.8 (±0.04 one standard deviation) for dry flows, and À0.3 (±0.09) for saturated flows. The negative sign indicates that the drum and surface velocities are in opposite directions. Increasing the drum rotation speed increased the shear rate but not dramatically the surface speed of the particles. This implies that the thicknesses of the down-slope and up-slope moving layers of the flow adjusted to satisfy mass conservation.
[42] If the flow was deep enough, a static zone developed in the upslope-headed near-bed particles. Here, the particles had the same rotational velocity as the drum i.e., zero velocity in the drum reference frame. This condition is referred to in drum studies as the passive region, in contrast to the active shearing levels [Boateng, 1998; Longo and Lamberti, 2002] . The thicker the flow depth in the drum, the greater the passive zone [Longo and Lamberti, 2002] . Thick passive regions in the bottom half of the depth seem unlikely in natural granular flows, and occur in the drum during unrealistic width-depth ratios. Therefore we kept our flows thin, and the passive zone was essentially only one grain thick for the gravel flows.
[43] The surface velocity field was strongly affected by the sidewalls. This influence has been reported in nature [e.g., Berti et al., 2000; Swartz and McArdell, 2005] and laboratory experiments [e.g., Hanes and Walton, 2000; Parsons et al., 2001; du Pont et al., 2003; Bi et al., 2005] . Conversely, several studies propose that wall effects are negligible in their experiments [e.g., Forterre and Pouliquen, 2001; Jain et al., 2002; Tegzes et al., 2002] . The wall resistance resulted in lateral flow circulation, a maximum down-slope velocity midway between the walls, and a distinct topographic trough along the centerline associated with the flow divergence there for muddy flows (Figure 6 ). In contrast to the roughened bed, particles slid against the walls i.e., there was finite slip at the sidewalls. We did not roughen the walls, as we did the bed surface, because we wanted to make observations through the clear Plexiglas. For most of our experiments, both walls were Plexiglas to provide symmetric wall effects. But in our first experiments, the back wall was wood and the front wall was Plexiglas. This asymmetry in wall friction caused a wider lateral shear zone on the rougher wooden wall (Figure 6 ). (1)) for dry conditions and three synthetic bedrock strengths (silica sand to cement ratio: strong 10:1 (circles, y = (8 Â 10 À8 )x 0.67 ), moderate 15:1 (triangles, y = (2 Â 10 À7 )x 0.82 ), weak 20:1 (squares, y = (3 Â 10 À7 )x 0.90 ). The experimental identification numbers (Table 2) for each data point (and all subsequent figures) are specified in Table S1 . The depth eroded per revolution is calculated from the mass loss, e m , during the experiment, the number of revolutions, the density, r block , and the exposed surface area of the erodible sample, A block , equation (10). For the two stronger samples, erosion rate was nearly linearly dependent on the estimated inertial stress. (b) Plot of dimensionless erosion, e 0 , versus estimated inertial stress, s i , (equation (1)). Dimensionless erosion, e 0 , is the eroded depth, e d , normalized by the length of the passing flow, L tot . Silica sand to cement ratio: strong 10:1 (circles, y = (2 Â 10 À7 )x 0.67 ), moderate 15:1 (triangles, y = (5 Â 10 À7 )x 0.86 ), weak 20:1 (squares, y = (6 Â 10 À7 )x 0.94 ). Experiments in the drum show a trend of increasing dimensionless erosion with increasing estimated inertial stresses. The vertical scatter between different symbols reflects the change in erodible sample strength which is controlled by silica to cement ratio. See Table 4 for regression statistics.
[44] For heterogeneous flows of sand and gravel, the larger particles tended to stay near the front of the flow, where they bounced, rolled, and tended to move to the sidewalls, allowing the sand to extend furthest to the snout at the centerline. This was a result of wall friction, the upslope-moving walls tended to drag larger grains back toward the tail of the flow, where they reentered the central flow and traveled quickly to the front.
Scaling and Erosion
[45] Bagnold numbers for our experiments ranged from 430 to 330,000 with a dry flow mean of 110,000 and a saturated flow mean of 10,000 ( Table 2) . The Savage number, N Sav (equation (8)) ranged from 0.003 to 0.17, with a dry mean of 0.041 and a saturated mean of 0.036. Although these values do not place the flows into the inertial regime by the measure of the Savage number, they are very similar to those for other experimental and natural granular flows (Table 3) [Stock and Dietrich, 2006] .
[46] During the approximately 25 min duration of each run, individual flows (32 to 52 cm in arc length) would pass over the erodible blocks 250 to 675 times. Net erosion varied from virtually no wear to up to 2.9 mm (14.5 g). The dry flows had higher surface velocities and tended to wear a dimpled pattern into the block, suggesting a dominance of collisional wear over sliding wear. After some of the wet flows, the blocks exhibited grooves oriented in the flow direction, suggesting sliding wear.
[47] For dry flows, eroded depth per revolution was nearly linearly proportional to the estimated inertial stress defined in equation (1) and increased with decreasing bedrock strength (Figure 7a ). The exponents change only slightly when the regression is recalculated for the dimensionless erosion, e 0 ( Figure 7b and Table 4 ).
[48] Assuming that n = 1 in equation (12) , is unlikely to be true because of low p values (less than 0.07 for all regressions except for the 15C runs, where it was 0.37). For comparison, we also plotted e 0 against D p and (@u/@z), (Figures 8b and 9b ). There is no significant difference between the fits for D p and D p 2 , or (@u/@z) and (@u/@z) 2 . The bearing of these findings is discussed in relation to different granular flow regimes in the Discussion section.
[49] The bed roughness has a direct effect on the bed slip and shear rate, so for our regressions we use only the sandpaper-lined runs, leaving out runs with significant sliding or wire mesh. Figure 10 shows that e 0 decreases approximately with the square of the tensile strength. The shear rate is approximately constant for the different runs and the trend is seen for all grain diameters.
[50] For the dry runs, the proposed nondimensional inertial stress, N SNIS [equation (13)], does collapse the data to a single relationship driving erosion (Figure 11 ). Experiments with saturated sediment quickly revealed a tendency for basal sliding. Consequently, either coarse wire mesh or new sandpaper was used in one-third of the experimental runs to roughen the bed and prevent sliding (Table 2) . Nonetheless, strong sliding was noted in three cases (runs 64, 65, and 96) before we adopted this procedure and sliding was probably a component of the total motion in Number of points, n: The specific data points are identified in the auxiliary material in Table S1 .
several other cases. When observed, sliding affects the calculation of the shear velocity by decreasing the basal velocity, (ju b j < ju drum j) and introduces an otherwise absent sliding force on the bed. Partial sliding is an additive effect to erosion because grain collision will still occur at the flow front, then grains in the body of the flow will slide across the sample and cause further erosion, unlike the no-slip case.
[51] To explore sliding effects, we kept track of the bed condition and sliding behavior and classified runs accordingly on a plot of dimensionless erosion, e 0 , versus N SNIS (Figure 12 ). Using runs with a similar sample tensile strength (sand:cement of 15:1), for a constant N SNIS , a rougher boundary (e.g., dry sandpaper, filled circles) inhibits sliding and also reduces the amount of erosion. The three cases with the most observed sliding (+ symbols) caused unusually high erosion for the imposed N SNIS . Some points that plotted initially distinctly low in erosion were later ). See Table 4 for regression statistics. Table 4 for regression statistics.
identified to be runs with new sandpaper, and thus had the least sliding.
[52] The dry and wet experiments without significant sliding (29 dry and 18 wet experiments) reveal a well defined power law dependency of erosion on N SNIS . The regression yields suggests that for the case of no sliding in our dry flows the exponent, n, is close to 1. Unexpectedly, Figure 13 shows that for the same dimensionless stress, the erosion by saturated flows was higher than erosion by the dry flows. Figure 10 . Plot of dimensionless erosion, e 0 , versus T 0 , the erodible sample tensile strength, for runs with a constant drum velocity. The symbols represent different grain sizes and water conditions (closed symbols, dry; open symbols, wet). The relation for all data points is y = 11.75x À2.44. The tensile strength of the erodible samples was measured by Brazilian strength test. See Table 1 for standard deviation of the strength values. See Table 4 for regression statistics. Table 4 for regression statistics. Some of this difference may be due to the wear properties of our sample blocks under wet and dry conditions. Wetting of concrete decreases the compressive strength, though often considered negligible [e.g., Popovics, 1998 ], but there are no data to suggest that wetting affects tensile strength (which influences erodibility). Despite eliminating cases where sliding was evident or very likely, we propose that the higher erosion rates in the wet case are due to partial sliding of bed particles. If this interpretation is correct, in addition to the fact that many water-saturated runs had low Savage number scaling, then the dry case is the most direct test of the hypothesis that erosion scales with inertial stress.
Discussion
[53] Our experiments show that the bedrock incision rate increases with the particle diameter and is moderately dependent on the shear rate. Although these experiments represent considerable simplifications of natural granular flows, their similarities with natural flow scaling support the relevance of our findings to the field. The characteristics of our experimental flows are shown with data from natural and laboratory flows in Table 3 . The scaling of the particle size and channel width:depth are similar to those found in nature [Stock and Dietrich, 2006] . The nondimensional numbers that characterize the inertial, viscous, and frictional forces for our experiments are also similar to those for natural dry flows and close to those for natural water-saturated flows.
[54] Some salient differences between our experiments and nature are the uniform grain size, absence of clays, and fluid properties. As mentioned previously, we purposely simplified our flows so we could specify the effective grain size, D e = D p . Nonetheless, our goal was to test a mechanistic hypothesis for the control of bedrock erosion, and make observations of the grain dynamics and their interaction with the bed.
[55] Muddy flows in the drum developed lower surface slopes, had significantly lower shear rates (due to lower surface velocities), and correspondingly, generated lower collisional stresses for the same drum rotation speed than dry or water saturated granular flows. Because of concerns about scaling relationships, especially with regard to dynamic pore pressure development [Iverson, 1997] , erosional measurements are not reported for our muddy runs. A recently completed 4-m-diameter flume will allow us, however, to use 1:1 scale materials to explore the dynamics and resulting erosion of these complex flows. The larger flume will also help to decrease possible edge effects on the erodible sample, which will be several times longer than the length of the largest particle diameter.
[56] On the basis of field observations, Stock and Dietrich [2006] proposed that the excursions from the static load (impacts from large boulders in the coarse snout of the debris flow) perform the erosion. In contrast, the static effective solid normal stress would be
where p (Pa) is the nonequilibrium component of intergranular fluid pressure. The maximum static normal stress for the dry flows in the drum ranges from 0.56 to 1.3 kPa and for the wet flows ranges from 0.58 to 1.0 kPa.
Fluid pore pressure, p, may modify the effective stress on the bed, but because we do not have a measure of this, our value is an approximation for the saturated flows. Peak solid static normal stress is estimated to be 23-93 kPa for selected flows measured in nature [Stock and Dietrich, 2006] . Solid inertial stress calculated by equation (1) ranges from 0.0008 to 0.60 kPa in the drum and 0.3 to 4 kPa in selected flows in nature. Hence, as shown by many others, the inertial stresses are a small fraction the total normal stress. In the absence of sliding, however, the static normal stress is a quasi-steady load, whereas the inertial stresses, especially arising from the tumbling of particles at the snout, create dynamic point loads that can lead to surface fatigue and rock fracturing [Stock and Dietrich, 2006] .
[57] While our procedure for calculating the inertial stress is consistent with methods used by others in field studies, it is nonetheless very simplified, especially with regard to the estimate of the velocity gradient, @u/@z, and the relevance of this shear rate to the scale of stresses at the snout. Qualitative observations in the drum indicate that the velocity profile is not linear, and, as noted above, in the wet cases sliding at the base may be common. The shear rate was also higher than that reported from field studies using roughly the same calculation procedure but was similar to other smaller-scale flume studies (Table 3) . Perhaps the most significant approximation is the assumption that the estimated inertial stress in the body of the flow (based on maximum depth and estimated from the square of the shear rate and particle grain size) gives an adequate scale for the local collisional stresses for particles arriving at and bouncing in the snout.
[58] The importance of sliding was not anticipated, and published field data provide little quantification of boundary sliding in grain and debris flows. In typical bedrock chutes in mountainous terrain it seems reasonable to propose that sliding occurs, but knickpoints and channel roughness may prevent prolonged sliding. Debris flows typically entrain the colluvium stored in the steep channels as they sweep downslope and scour to bedrock. It may be that the waterrich tails of many debris flows tend to drive particle sliding on the bedrock surface that was scoured clear by the snout. Video records of debris flows do show cases in which the largest boulders in the flow appear to be sliding for durations that could produce centimeters-long grooves. Field observations on bedrock wear features after debris flows [Stock and Dietrich, 2006] suggest, however, fracture-bounded blocks are removed by glancing blows from boulders, and that perhaps erosion by debris flows is much more effective in the coarse snouts, where large boulder impacts prevail, than in the post snout body, where sliding wear may predominate. We did see concentration of large grains at the flow front in our qualitative drum experiments with a heterogeneous grain size distribution of 4 cm diameter grains in addition to 1 cm gravel, sand, and clay, but we focused here on single grain size flows when documenting erosion. In so doing, our observations may have diminished the relative importance of collisional stresses of large grains at the snout.
[59] The lateral circulation effects ( Figure 6 ) that arose in the drum due to wall resistance are important to the flow dynamics and stresses on the bed, and occurs in natural flows as well [e.g., Berti et al., 2000] . We note that (1) flows in the field also experience lateral boundary resistance, (2) the width to depth ratio in this flume ($2:1) does occur in small, bedrock canyon debris flows [Stock and Dietrich, 2006] , and (3) inspection of videos recording grain movement suggests that boulders move more slowly near the bank, and in fact, this near bank resistance may contribute to their deposition [Arattano and Marchi, 2000; Swartz and McArdell, 2005] . The laterally directed flow circulation may contribute to wall erosion in bedrock, as evidenced by severe degradation in the sidewalls of check dams in debris flow channels ( Figure S2 in the auxiliary material).
[60] While support for the collision stress driven bedrock erosion is provided here, additional improvements are possible. First, our analysis uses the entire instantaneous length of the flow, L 0 , to scale the duration of inertial stresses. In the prevailing no-slip case, this is inaccurate, as most of the collisions of large boulders with the bed occur at the snout (Figure 14a ). Even without enforcement of the no-slip condition, recirculation of large grains at the front may occur [Iverson, 2005, Figure 6 .6]. Stock and Dietrich [2006] hypothesize that the appropriate length scale is the length of the granular front. Although we do not have a coarser granular front in our uniform grain size flows, observations in the drum suggest, roughly, that the zone of active bouncing at the snout varies with grain size, with it being about six times the grain size in the dry case and about three times the grain size in the wet case. This suggests a reformulation of e 0 (equation (10)) using L act (the active length of the particle bouncing at the snout) instead of L 0 . Figure 15 shows that this estimation actually reduces the correlation between erosion and inertial stress. It is not clear whether this is because of the imprecise estimate of the active length, or because of other effects, such as the importance of sliding wear or the incompleteness of the bulk inertial stress hypothesis. In addition, because L act increases with larger grain diameters and faster drum speeds, it tends to covary with the inertial stress, weakening the dependency between e 0 and N SNIS .
[61] The low Savage numbers and the direct observations of grain motion suggest that in these experiments the assumption of an inertial stress dominance is not well supported. Inertial flows are defined as having only instantaneous bimodal collisions, but enduring contacts between particles are evident in our experiments and in natural granular flows. Also, recent literature has pointed out some shortcomings in the stress and shear rate relations found in ) flows. Because L act increases with larger grain diameters and faster drum speeds, it tends to covary with the inertial stress, weakening the dependency between e 0 and N SNIS . See Table 4 for regression statistics.
Bagnold's original 1954 work [Hunt et al., 2002] . An alternative to the inertial regime is the elastic regime, which is characterized as ''granular materials under dense conditions where particles are in persistent contact with their neighbors and the elasticity of the material becomes an important rheological parameter'' [Campbell, 2002, p. 261] . Stresses are transmitted by the compression and rotation of force chains, and friction is important. In the elastic regime, normal stress scales scale with the shear rate, and in our analysis, we did find a similar fit to shear rate and the shear rate squared. This may be because our experiments lie in the transitional elastic-inertial regime and therefore show variability in scaling relationships.
[62] Alternatively, if we assume zero slip at the bed and a well-defined snout where grains tumble freely toward the bed, then the Figure 14b schematic shows that there would be bed wear only at the front-most grain, after it overrides the flow front and impacts the bed. This makes the erosion process similar to that proposed for fluvial bed load transport, where erosion is the sum of discrete impacts of single grains on the bed. Following the model of bed load incision into rock [Sklar and Dietrich, 2004] , we can modify a saltation-abrasion model to write an expression for bedrock incision rate by impacting grains:
where e s (m s
À1
) is the bedrock incision rate, V i (m 3 /impact) is the average volume of rock detached per particle impact, I r (impacts/m À2 s
) is the rate of particle impacts per unit area per unit time, and F e (dimensionless) is the fraction of the river bed made up of exposed bedrock. Following the derivation of Sklar and Dietrich [2004] and using our notation,
where k v is a dimensionless coefficient that depends on the material properties of the impacting particle, n i is the number of impacts, t event (s/event) is the seconds per unit of time (defined as one debris flow event), and D p 2 (m 2 ) is unit area (defined as the square of the length scale of the characteristic particle diameter). The average volume of rock detached per particle impact, V i , depends on the diameter and incoming velocity of the impactor and the strength of the erodible substrate. In the drum, one event is one pass of the slurry over the erodible sample, equivalent to one rotation of the drum. In nature, one event would be one debris flow or one coarse granular front. We define the fraction of the river that is exposed bedrock as 1 (fully exposed) because in the flume there is no shielding by sediment. Under these conditions, each unit area of the bed is struck by one snout particle per debris flow event (or revolution). Figure 16 shows a plot of eroded depth per event (revolution), e d versus V i I r F e as defined in equations (17) - (20). This model of bedrock erosion explains less of the variance in the data than N SNIS , the strength-normalized inertial stress. We note that zero slip at the bed is unlikely in real flows, and that in our dry flows with no slip in the body, we still observed grains bouncing at the front. This implies that the no-slip condition illustrated by Figure 14b is an idealized end-member situation which would underestimate the erosion of the bed.
[63] As mentioned previously, sliding wear appears to be significant in these experiments and may contribute to bedrock erosion in the field. Our experiments were not designed to explore this process, and, in fact, considerable effort was made to avoid it. Consequently, we have few data points under pure sliding wear conditions (Figure 14c ) (sliding-block model). The literature of tribology (the study of wear, friction, and lubrication) contains abundant examples of wear by pure sliding and equation (3) is a typical empirical expression relating wear to normal load, velocity and hardness. While we can calculate the static normal load and relate hardness to block strength, the slip velocity is unknown except for the few cases of pure sliding. Additionally, because our experiments were not designed to test the relationship between sliding and erosion, our range in h is not adequate to evaluate the trend between these two variables. These experiments, nonetheless, suggest that sliding wear may be more important than anticipated for certain combinations of flow and bed strength conditions, and warrants further investigation. For example, changing the roughness of the sample itself may have the most influence on the amount of sliding. To discern between the different erosion models discussed here, the next step is to extend the range of flow depth, grain diameter, and bed roughness in the experiments. We plan to explore these issues in our larger-scale drum study. (17) - (20)) as predicted by modifying a model for bedrock wear by impacting grains. Dry (filled circles, y = 0.0004x 0.98 ) and watersaturated (open circles, y = 0.0002x 0.71 ) flows. This zeroslip model of bedrock erosion explains less of the variance in the data than N SNIS , the strength-normalized inertial stress. See Table 4 for regression statistics.
Conclusions
[64] We conducted experiments in a rotating drum to explore how the erosion rate of homogeneous bedrock varies with one-dimensional, average inertial stress values for the case of dry and water-saturated single grain size flows. Our data indicate a strong dependence of erosion on grain diameter and a moderate dependence on the shear rate of the flow. As Sklar and Dietrich [2001] found in fluvial experiments, we found that granular flow erosion varies as the inverse of bedrock tensile strength squared. Hence, we found correlation between measured bedrock erosion and the bedrock strength-normalized inertial stress parameter (equation (13)). However, even in this simplified case, observations of lateral circulation effects and sliding suggest that the inertial stress dependency may be insufficient. Slip occurs, more commonly in water-saturated than dry flows, and surprisingly seems to cause more wear despite the reduction in the shear rate.
[65] While approximate inertial stress estimates based on average shear rate can serve as an indicator of erosion rates, it seems likely, as previously suggested, that a significant proportion of the wear occurs just in the coarse granular snout. The flow average inertial stress values may provide a poor indication of stresses in the snout, especially because not all experimental flows in this study or in nature lie in the inertial regime. These experiments highlight the need for more theory and observation of the dynamic loading processes at the snout. To make this analysis more mechanistic, we need direct measurements of the dynamic normal loading on the boundary and associated velocity profiles. Using a recently constructed 4-m-diameter rotating drum, we intend to study flow dynamics and bedrock wear with natural-scale debris flow materials. Our small drum experiments encourage further data gathering of inertial stresses and wear, but they also point to the need to document sliding, the conditions that induce it, and the wear it causes. Another goal is to better understand the bedrock fracture properties, hence future work with an erodible material that fractures in blocks or plates would be enlightening. relates bulk inertial normal stresses to higher excursions of inertial normal stress. K 1 constant of proportionality between rock resistance and incision rate. k constant of proportionality in wear equations. k v dimensionless coefficient that depends on the material properties of the impacting particle (equation (18)). L length of debris flow granular front, m. L act instantaneous active eroding length of the flow in the drum, m. L tot total length of flow for a drum experiment, m. L 0 instantaneous length of flow for a drum experiment, m. N Bag Bagnold number (ratio of solid inertial normal stress to fluid viscous stress). N erosion nondimensional number representing ratio of path-integrated bulk inertial solid stresses to rock resistance [Stock and Dietrich, 2006] . N Sav Savage number (ratio of solid inertial normal stress to solid frictional stress). N SNIS strength-normalized inertial stress number.
Notation
n exponent on the inertial stress term in equations (11) and (12). n i number of impacts. p fluid pressure, Pa. p n normal pressure, Pa. p T total normal stress, Pa. r drum radius of experimental drum, m.
T 0 rock tensile strength, Pa. 
